STAYGREEN, STAY HEALTHY: a loss-of-susceptibility mutation in the STAYGREEN gene provides durable, broad-spectrum disease resistances for over 50 years of US cucumber production
Introduction
Plants have evolved multi-layered resistance mechanisms to protect themselves against pathogen infection. In basal immunity, elicitors, or pathogen/microbe/damage-associated molecular patterns (PAMP/MAMP/DAMPs), are recognized by plant pattern recognition receptors (PRRs) resulting in pattern-triggered immunity (PTI). PTI commences a cascade of physiological changes in the cellular environment, including the rapid production of reactive oxygen species (ROS), phosphorylation of mitogen-activated protein kinases, synthesis of defense hormones and induction of defense genes (Boller & Felix, 2009) . Pathogens can secrete effectors to counter the effects of PRRs, and plants have evolved host resistance (R) gene-mediated effector-triggered immunity (ETI), which is often associated with a hypersensitive response (HR) involving programmed cell death (PCD) (Jones & Dangl, 2006; Thomma et al., 2011; Cui et al., 2015) as well as salicylic acid (SA) and ROS-regulated autophagy (Yoshimoto et al., 2009; Hofius et al., 2011; Zhou et al., 2014) .
Most R genes cloned so far encode cell surface or intracellular receptors, such as receptor-like proteins/kinases (RLPs/RLKs) or nucleotide-binding and leucine-rich repeat receptors (NLRs). Such perception-based ETI often provides strong and fast resistance on pathogen infection, but the resistance can also be easily defeated during the host-pathogen battle (Boutrot & Zipfel, 2017; Kourelis & van der Hoorn, 2018) . Some R genes rely on the loss-of-susceptibility mechanism for host resistance; mutations in these genes disrupt biological processes that are critical for pathogen infection. These loss-of-susceptibility R genes are usually recessive and confer durable, but often partial, resistance against a broad range of pathogens. A prime example of the lossof-susceptibility mechanism is the barley mlo (mildew locus o) gene that encodes a defective, integral membrane protein which is important for infection of the powdery mildew pathogen (B€ uschges et al., 1997; Humphry et al., 2006 Humphry et al., , 2010 . The mlomediated powdery mildew resistance has been found in wheat, grapevine, rice, tomato and cucumber (Elliott et al., 2002; Bai et al., 2008; Nie et al., 2015; Pessina et al., 2016; Acevedo-Garcia et al., 2017) . The wheat Lr34, Lr67 and Yr36 also belong to the loss-of-susceptibility R genes. Lr34 and Lr67 encode an ABC (ATP-binding cassette) transporter and a hexose transporter, respectively, that confer durable resistances against different rust and powdery mildew pathogens Lagudah et al., 2009; Risk et al., 2013; Moore et al., 2015) . Yr36 encodes a protein fused with a serine/threonine kinase and START domain, and confers partial resistance to stripe rusts by reducing the ability of chloroplast thylakoid ascorbate peroxidases to detoxify peroxides (Fu et al., 2009; Gou et al., 2015) . The durable and broad-spectrum disease resistances conferred by lossof-susceptibility R genes are of obvious advantages in crop breeding, but they have only been identified in a few plant species (rice, wheat, barley, maize and Arabidopsis). Here, we report a loss-ofsusceptibility mutation in the cucumber STAYGREEN (CsSGR) gene that results in durable resistance against multiple pathogens in the field.
The degradation of chlorophyll (Chl) by Chl catabolic enzymes (CCEs) causes the loss of green color that typically occurs during leaf senescence. Mutations in CCE genes may result in a delay in foliar senescence, and thus the staygreen phenotype (Thomas & Ougham, 2014; Kuai et al., 2018) . For example, the STAYGREEN (SGR) gene encoding the magnesium dechelatase is a key regulator in the Chl degradation pathway (Shimoda et al., 2016) . It is the causal gene underlying Mendel's green cotyledon trait in pea (Armstead et al., 2007; Sato et al., 2007) . The Arabidopsis mutant nye1-1 (nonyellowing 1) exhibits the staygreen phenotype during leaf senescence because of a lossof-function point mutation in AtSGR1/NYE1 (Cha et al., 2002; Park et al., 2007; Ren et al., 2007) . SGR mutants have also been identified in rice (Jiang et al., 2007) , tomato (Barry et al., 2008) , bell pepper (Barry et al., 2008) , tall fescue (Wei et al., 2011) , Medicago truncatula (Zhou et al., 2011) and soybean (Fang et al., 2014) . Other than its basic function in Chl degradation, SGR seems to play roles in root nodule senescence in legumes (Zhou et al., 2011) , as well as lycopene and b-carotene biosynthesis in tomato fruits (Luo et al., 2013) . In Arabidopsis, increased and decreased AtSGR expression, respectively, accelerated and suppressed HR cell death (Mur et al., 2010) . The Arabidopsis noc1 (nonchlorosis1) mutant is caused by a mutation in the AtSGR gene; the noc1 mutant plants exhibited reduced disease symptoms in response to infection by both the bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 and the fungal pathogen Alternaria brassicicola, but pathogen growth did not show a significant difference relative to that on the wild-type plant (Mecey et al., 2011) . Thus, the pathogen-induced expression of AtSGR is a critical step underlying the development of plant disease chlorosis (Mecey et al., 2011) . In Medicago, the M. truncatula sgr mutant and alfalfa SGR-RNAi lines showed HR-like enhanced cell death on inoculation with Phakopsora pachyrhizi, the causal pathogen of Asian soybean rust, which suggested a possible role of SGR in nonhost resistance (Ishiga et al., 2015) . However, the role of SGR as an R gene for disease resistance has not been reported. Here, we show that CsSGR is the candidate gene conferring host resistance against the bacterial angular leaf spot (ALS), fungal anthracnose (AR) and oomyceteous downy mildew (DM) pathogens in cucumber.
DM, ALS and AR are amongst the most important diseases of cucumber and other cucurbit crops worldwide. The casual agents are the obligate biotrophic oomycete Pseudoperonospora cubensis, bacterial Pseudomonas syringae pv. lachrymans and the hemibiotrophic fungal Colletotrichum orbicular (syn. Colletotrichum lagenarium), respectively. Interestingly, the cucumber accession PI 197087 from India has been known for a long time to be resistant to all three pathogens (Barnes, 1966; Peterson, 1975) ; its resistances have been used extensively in cucumber breeding in the USA. Several studies have also investigated the genetic basis of these resistances. For example, the widely used cucumber germplasm lines Gy14 and WI 2757 are resistant to DM, ALS and AR with the resistances derived from PI 197087 (Peterson et al., 1982; Wyszogrodzka et al., 1987) . Barnes & Epps (1952 , 1954 found the nearly immune resistance to AR of PI 197087 in field tests. Fanourakis & Simon (1987) discovered the linkage of DM and AR resistances in WI 2757. ALS resistance in Gy14 was controlled by a single recessive gene, psl (Dessert et al., 1982; Olczak-Woltman et al., 2007; Słomnicka et al., 2016) . PI 197087-derived DM resistance was controlled by a single recessive gene (dm1) with a classical HR (Barnes & Epps, 1954; van Vliet & Meysing, 1974 , 1977 Fanourakis & Simon, 1987; Kennard et al., 1994; Horejsi et al., 2000) . The dm1-conferred DM resistance has been widely deployed in commercial cucumber varieties, which have provided effective protection to cucumber production in the USA for over 50 years until 2004, when new DM strain(s) (post-2004 strains) emerged in the cucumber field rendering dm1 resistance less effective (Holmes et al., 2006; Thomas et al., 2017) . Nevertheless, dm1 still exhibits moderate resistance to the prevailing post-2004 DM strains in the USA and sufficient resistance in many other countries. We have recently identified CsSGR as the candidate gene for the AR resistance locus cla in both Gy14 and WI 2757 (Pan et al., 2018) . Here, we report quantitative trait locus (QTL) mapping and cloning of the dm1 and psl loci in Gy14 and WI2757. We show that dm1, cla and psl are the same locus, and that CsSGR is the candidate gene for dm1/psl/cla.
Materials and Methods
Plant materials, collection and statistical analysis of phenotypic data Gy14 and WI2757 are two inbred lines of cucumber (Cucumis sativus L.), both of which have high and moderate resistance to pre-and post-2004 field DM strains, respectively (Call et al., 2012a,b) , and high/moderately high resistance to AR and ALS. Three populations were used in QTL mapping for DM and ALS resistance, including 504 recombinant inbred lines (RILs) from Gy14 9 9930 (G9RIL hereafter), and 87 RILs (WTRIL) and 132 F 2:3 families (WTF23) from WI2757 9 True Lemon cross (details in Supporting Information Table S1 ).
For initial QTL analysis, phenotypic data of the inoculation response to DM infection in G9RIL and WTRIL were collected from five experiments (or environments) (NC2013, NC2014, NL2014.G9, NL2014.WT and NC2015) at two locations (NC = Clinton, North Carolina, USA; NL = Nunhems, the Netherlands) across 3 yr (Table S1 ). At the fine mapping stage, 18 recombinant G9RILs were phenotyped in five environments in 2 yr (FL2015, IT2015, NC2015, NL2016 and WI2016) (FL, Florida, USA; IT, Italy; WI, Wisconsin, USA). All open field experiments were conducted with natural infection of the DM pathogen, which was presumed to be a mixture of multiple strains (Wang et al., 2016) . For experiments conducted in controlled environments, plants were artificially inoculated on onetrue-leaf-stage seedlings with sporangial suspension at a concentration of 5 9 10 4 to 1 9 10 5 spores ml À1 by misting the adaxial side of the leaf. Scoring of inoculated and control plants (inoculated with water) took place at 10-14 d post-inoculation (dpi). Three criteria were employed in scoring plants: yellowing (Yel), collapsing (Col) and general impression (GI) (Wang et al., 2016) . In all NC or NL field trials, disease severity in the RIL populations was evaluated two to three times, 1 wk apart, whereas one rating was performed for all other experiments.
Phenotyping of ALS pathogen inoculation responses was performed in four glasshouse or climate control room experiments (CA2011, WI2011, WI2015 and WI2017) ( Table S1 ). The P. syringae pv. lachrymans isolate LMG 5456 was used in the CA2011 test (source: A. Zitter, Cornell University, Ithaca, NY, USA). A more virulent P. syringae pv. lachrymans strain maintained by HM.Clause Seed Company (Sun Prairie, WI, USA) was used in the other three screening tests (WI2011, WI2015 and WI2017). Plants were scored at 6-8 dpi qualitatively as either resistant or susceptible (WI2015) or quantitatively using the 1-9 or 1-5 rating scales.
Statistical analysis of phenotypic data was performed in R following Wang et al. (2016) . Briefly, means of disease scores of each F 2:3 family or RIL were used in QTL analysis. In replicated trials with G9RILs, the means of each RIL were calculated for rating time, replication, trait and experiment; analysis of variance (ANOVA) was performed with the R/LME4 package to estimate genetic and environmental effects. Heritability estimates were calculated from variance components. Correlations among traits across environments were evaluated with Spearman's rank correlation coefficients (r s ).
QTL analysis of DM and ALS resistances and fine mapping of target QTLs
Two linkage maps with 458 single nucleotide polymorphism (SNP) and 240 simple sequence repeat (SSR) loci, developed previously with 129 G9RILs and 132 WTF23, respectively (He et al., 2013; Weng et al., 2015) , were employed for QTL analysis in this study. A linkage map was developed using SLAF-Seq (specific length amplified fragment sequencing) and 87 WTRILs following Wang et al. (2018) . QTL analysis of DM/ALS resistances was performed in the R/QTL package with the multiple-QTL (MQM) model (Broman et al., 2003) . The logarithm of the odds (LOD) threshold for declaring significant QTLs was established using 1000 permutations (P < 0.05). The support intervals for the detected QTLs were calculated using a 1.5-LOD drop interval.
Molecular marker discovery, fine mapping and candidate gene identification for the dm1 and psl loci followed Pan et al. (2017) . In brief, DNA sequences in the 1.5-LOD interval of the target QTL were extracted from the Gy14 draft genome (V1.0) (Yang et al., 2012) ; new markers inside this region were developed to genotype a large segregating population to identify recombinants, which were then phenotyped in either controlled environments or open fields. This process was iterated until the target region was narrowed down to < 100 kb, which was then annotated for gene prediction. Information on all markers used in mapping, cloning or gene expression analysis is provided in Table S2 .
Phylogenetic analysis of SGR homologs
The phylogenetic relationships of 23 SGR protein sequences from 12 species were analyzed, including cucumber CsSGR and STAYGREEN-LIKE (CsSGRL) and their homologs in 11 other species (Table S3) . Sequence alignment and clustering were performed with MEGA 7.0 (http://www.megasoftware.net/) using nearest-neighbor joining with 1000 bootstrap replications.
Local association analysis of DM/AR/ALS resistances
We conducted local association analysis for DM, ALS and AR resistances at the dm1/psl/cla locus with 152 cucumber inbred lines (Table S4) . Whole-genome resequencing reads of 113 lines were downloaded from the National Center for Biotechnology Information (NCBI) database (Qi et al., 2013) ; 39 lines were resequenced with Illumina platforms. SNPs within the 100-kb CsSGR target region were called with the BWA-GATK4.0 workflow using 9930 V2.0 as the reference; the SNPs were filtered with maximum missing count of five lines and minor allele count of five lines in VCFtools. The linkage disequilibrium (LD) block was evaluated in Haploview (Barrett et al., 2005) . The SNPs in the LD block of the candidate gene were selected for hierarchical clustering by the function HCLUST in R. R/PHANGORN (Schliep, 2011) was used for bootstrapping with 1000 repeats.
In silico bulked segregant analysis (BSA) ) was performed to validate the candidate for the dm1/cla/psl locus by identifying consensus SNPs (haplotypes) inside the target region in the R and S bulks consisting of six resistant and six susceptible lines, respectively. In addition, 41, 50 and 82 cucumber lines were employed for local association analysis using the Ridge Regression algorithm in the R/RRBLUP package (Endelman, 2011) . Phenotypic data for these lines to the pre-2004 DM strains, and the AR and ALS inoculation responses, were obtained from historical data (Wehner & Shetty, 1997) , and our previous (Pan et al., 2018) and present studies, respectively.
The association of the CsSGR locus with field DM resistance was also examined in breeding populations. Phenotypic data for responses to natural DM infection of 763 breeding lines with Poinsett 76 as dm1 donor were collected in multiple-year field trials. All lines were genotyped with the SNP marker inside the dm1 locus. Association between DM resistance and SNPs was performed by single marker analysis.
Expression analysis of genes in the Chl degradation pathway
We examined the expression dynamics of CsSGR, together with the genes in the Chl catabolism pathways, after inoculation with the DM and ALS pathogens in Gy14, WI2757 and 9930 cucumber lines. For quantitative polymerase chain reaction (qPCR), leaf samples from inoculated and mock seedlings were collected at 0, 3, 5 and 7 dpi for the DM pathogens; qPCR procedures followed Li et al. (2016) with the cucumber ubiquitin extension gene as the reference. The relative gene expression levels were determined by 2
ÀDDCT . Each sample was run with three biological and three technical replicates.
Results

Delay of chlorosis is characteristic of DM resistance in Gy14 and WI2757
We phenotyped responses to DM pathogen infection in the G9RIL and WTRIL populations in five environments with three criteria (Yel, Col and GI). Typical HR-type necrosis was not obvious in either population, and delay of yellowing was more evident in resistant plants (Fig. S1 ). In the G9RIL population, Gy14 exhibited moderate resistance, although it showed slightly better performance in the NL trials than in the NC trials (Table S5) , probably as a result of the differential virulence structure of the P. cubensis populations at the two locations (Thomas et al., 2017) . With disease progress, the mean disease scores for Yel, Col and GI of the population increased (in NC trials) or decreased (in NL trials), suggesting greater overall severity of symptoms of plants in the whole population with increased exposure to the DM inoculum (note that the scoring scales used in NC and NL were opposite) (Table S5 ; Fig. S2 ). Interestingly, although the overall range of Yel disease scores of the population remained largely the same for both NC2013_Yel and NL2014_Yel datasets, many plants in the populations remained low in Yel disease scores (Table S5 ; Fig. S2 ). The frequency distribution of GI disease scores in all environments was largely normal, whereas that for Yel was more bi-modular, indicating a single gene underlying the delay of chlorosis in Gy14 (Fig. S3 ). Mean Yel and GI scores of the first rating time across different environments were significantly correlated (r s = 0.45-0.73, P < 0.001) (Fig. S3 ). These data suggest that Yel is a major component of DM disease symptom development.
The trends in symptom development and frequency distribution of mean disease scores in the WTRIL population were similar to those in the G9RIL population (Table S5 ; Fig. S4 ). However, WI2757 performed slightly better than Gy14 for DM resistance in all trials, which could be evidenced from the relatively slower increase in mean disease scores across rating times (Table S5 ; Fig. S4a ). Interestingly, although the mean disease scores of GI across three ratings in the NC trial were highly correlated (r s = 0.81-0.98), correlations among those of Yel and Col in NL and GI in NC trials for the WTRIL population were low to moderate (r s = 0.23-0.49, P < 0.001) (Fig. S4b) , suggesting a different genetic basis for anti-chlorosis and anti-necrosis in WI2757.
Gy14 and WI2757 share dm1-conferred DM resistance
As ANOVA indicated significant environmental effects (Table S6) , QTL analysis of DM resistance in G9RIL was performed with GI means from individual locations, rating times and rating criteria (Table 1 ; Fig. S5a ). Remarkably, QTLs detected with data from various environments and different scoring criteria were all mapped to the same location in chromosome 5, indicating that only one QTL underlies DM resistance in Gy14. Based on its 1.5-LOD interval (c. 3.2 Mbp, Table 1 ), this QTL should be identical to the previously mapped dm1 in Gy14 (Kennard et al., 1994; Horejsi et al., 2000) . Interestingly, when GI was used, the QTL could be detected only from the first rating, indicating that dm1 played its role at the early stages of infection (Fig. S5a) . Moreover, the QTL detected by the Yel data had a much stronger effect (higher LOD score and larger additive effects) than the QTL detected with GI in both NC2013 and NL2014 trials, suggesting that Yel is a more accurate measurement of DM resistance in Gy14.
As compared with the findings from the G9RIL population, dm1-dependent anti-chlorosis was more evident from QTL analysis in the WTRIL population (Fig. S5b ). Linkage analysis with SLAF markers in 87 WTRILs resulted in a genetic map with 1618 SNP loci (Table S7) for QTL analysis. When the Yel data were used, a QTL co-localized with dm1 in Gy14 was detected; when the Col (necrosis) data were employed, another linked QTL, dm5.2, was identified; when GI data, an evaluation of both chlorosis and necrosis, were used, both QTLs were found ( Fig. S5b) , suggesting that dm1 and dm5.2 in WI2757 may play important roles in the delay of chlorosis and anti-necrosis, respectively. The second QTL was named dm5.2 because its location overlapped with dm5.2 identified previously in WI7120 and PI 197088 cucumbers (Wang et al., 2016 .
The ALS resistance locus psl in Gy14 and WI2757 is colocalized with dm1
Gy14 exhibited high to moderately high resistance to P. syringae pv. lachrymans inoculation with anti-chlorosis and some degree of HR, whereas 9930 developed large chlorotic and necrotic spots Fig. S6 ). The frequency distribution of the mean disease scores in the G9RIL population was normal (WI2017 data; Fig. S7a ). Despite the different methods used in inoculation and scoring in WI2015 and WI2017 experiments, one QTL on Chr5 was consistently detected (Table 1; Fig. S7b ), which was designated as psl according to Dessert et al. (1982) .
QTL analysis with WI2011 and CA2011 data (Fig. S7c) in the WTF23 population identified three QTLs, including the majoreffect QTL, psl, which was shared with Gy14, and two minoreffect QTLs, psl1.1 (WI2011) and psl3.1 (CA2011) ( Table 1 ; Fig. S7d ). Based on the 1.5-LOD intervals and associated peak marker with each QTL, dm1 and psl appeared to be the same locus. Indeed, we performed joint QTL analysis with data from DM.2013.Yel, DM.2013.GI and ALS.WI2017 of the G9RIL population; the LOD profiles for QTLs from the three datasets were completely overlapped with the same peak marker (Fig. 1) . As DM and ALS resistances in Gy14 originated from PI 197087, it is evident that dm1 and psl belong to the same locus.
Dm1/Psl encodes the cucumber STAYGREEN (CsSGR) protein
To confirm the identity of dm1 and psl, we performed fine genetic mapping for the two loci independently. Two SSR markers (SSR001243 and SSR00398) flanking the 1.5-LOD interval of dm1/psl were used to genotype 375 G9RILs (Fig. 2a) . Eighteen recombinants were identified, which were tested for DM inoculation responses in five environments (Table S1 ). As Gy14 only showed moderate resistance, the multi-location extensive phenotyping of these recombinants turned out to be critical to precisely locate the candidate gene region. Nine new markers were developed in this region. All 11 markers were used to genotype the 18 recombinants, and nine haplotypes were identified. The mean DM disease scores of the nine recombinants are shown in Fig. 2(a) , three and six of which were resistant and susceptible, respectively. From these data, the dm1 locus was reliably delimited into a 93.7-kb region defined by UW063781 and SNP05.
The 18 recombinants were also examined for inoculation responses with the ALS pathogen, which phenotypically showed exactly the same responses (R or S) as DM inoculation (Fig. 2a) , indicating that dm1 and psl were the same locus.
In the 93.7-kb candidate gene region, 12 genes were predicted, including the cucumber STAYGREEN gene (CsSGR) (Fig. 2b,c ; Table S8 ). We performed in silico BSA in this region using 12 re-sequenced lines, six (Gy14, WI2757, Gy8, H19, G421 and 2A) of which carried dm1 with high resistance to pre-2004 DM strains, and six (9930, Straight 8, Coolgreen, PI 249561, WI7120 and PI 197088) did not carry dm1 (Wang et al., 2016 . There were 50-75 SNPs/indels between the 9930 reference and any of the 11 lines (Table S4 ), but only one SNP in the coding region of CsSGR (SNP08 in Fig. 2a) showed complete consistency between marker genotype and pre-2004 DM resistance (Fig. 2d) , suggesting that CsSGR is the most likely candidate gene for the dm1/psl locus.
CsSGR was predicted to contain four exons and its coding region was 771 bp encoding a putative protein with 256 amino acid residues. The complete genomic DNA sequence of CsSGR has been deposited in the NCBI database (accession no. MH493893). The intron-exon structure of CsSGR was validated by cloning its cDNA from Gy14, 9930 and WI2757. Alignment of whole-length genomic sequences of the CsSGR gene among the three lines revealed only one transition from A in 9930 to G in Gy14/WI2757 at position 323 (SNP.A323G) (Fig. S8) , and consistent results were obtained among the 12 re-sequenced cucumber lines (Fig. 2d) , which resulted in an amino acid substitution of glutamine (Q) with arginine (R) at position 108 of the CsSGR protein (Q108R) (Fig. 2e) .
Local association analysis provides further evidence of CsSGR as the candidate gene Our previous work (Pan et al., 2018) has shown that CsSGR is a candidate gene for the AR resistance locus cla in PI 197087, suggesting that CsSGR in Gy14 is responsible for simultaneous resistances against DM, ALS and AR. To further confirm this, we conducted local association analysis in natural populations using sequencing data from the 93.7-kb region and phenotypic data from a subset of lines (presented in Table S4 ). After SNP calling and filtering, 318, 677 and 623 high-quality SNPs were used in association analysis with 41, 50 and 82 accessions for DM, AR and ALS resistances, respectively. As shown in the resulting dot plots (Fig. S9) , the causal SNP.A323G inside CsSGR had the highest Àlog 10 (P) value and thus the strongest association with DM/AR/ALS resistances, further confirming the identity between CsSGR and the dm1/psl/cla locus.
SGR is highly conserved across dicot and monocot plants
The SGR gene family has two to three members in most plant genomes that could be classified into two subfamilies: dm1 dm1 psl LOD score Fig. 1 Logarithm of the odds (LOD) profiles of quantitative trait loci (QTLs) for cucumber downy mildew (DM) and angular leaf spot (ALS) resistance. Only representative datasets of the cucumber Gy14 9 9930 recombinant inbred line (G9RIL) population using NC2013 (for DM) and WI2017 (for ALS) data are presented. The x-axis is the cM position in chromosome 5, and the y-axis is the LOD support score; the horizontal dashed line is the threshold at P < 0.05 based on 1000 permutations; Yel, yellowing (chlorosis); GI, general impression.
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New Phytologist SGR and SGR-like (SGRL) (Sakuraba et al., 2015) . Arabidopsis has three members (AtSGR1, AtSGR2, AtSGRL), whereas cucumber has one copy each (CsSGR and CsSGRL). To understand the structural and functional relationship amongst SGR homologs, we constructed a phylogenetic tree using 23 SGR/SGRL protein sequences from 12 species (Table S3 ). In the resulting neighbor-joining (NJ) tree (Fig. S3a) , the SGR and SGRL clades were well separated. Within the SGR subclade, the clustering was largely consistent with the taxonomic position in the life tree. For example, melon CmSGR was the closest to CsSGR.
We examined the domain structure of SGR homologs in Arabidopsis, rice, pepper, tomato and melon, as well as 9930 and Gy14 cucumbers (Fig. 3b ). All SGR proteins had three typical domains, including the chloroplast transit peptide domain, the highly conserved SGR domain and the variable C-terminal region. The Q108R substitution in Gy14 was located in the SGR domain. We predicted the protein structure of the SGR domain encoded by CsSGR with the RAP-TORX program (http://raptorx.uchicago.edu/). The predicted three-dimensional model of the SGR domain with highlighted substituted amino acid residues (Fig. S10) suggests that the Q108R substitution would cause a shortened b-fold sheet that connects to the a-helix at the SGR domain, which might affect its catalytic efficiency during Chla degradation. 
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1 0 8 The Chl degradation pathway may be involved in CsSGRconferred disease resistance
We investigated the expression dynamics of CsSGR in Gy14, WI2757 and 9930 at 0, 3, 5 and 7 dpi with the DM pathogen (Fig. 4) . We first evaluated the expression level of the P. cubensis internal transcribed spacer (ITS) gene (Tian et al., 2011) for quantitative assessment of pathogen growth on the host plants.
The abundance of P. cubensis on susceptible 9930 plants showed a steady increase at 5 and 7 dpi as compared with 3 dpi. By contrast, pathogen growth on resistant Gy14 and WI2757 remained relatively low, and never exceeded two-fold of that at 3 dpi (Fig. 4a) , indicating suppression of pathogen growth by dm1. Within 5 dpi, CsSGR expression was elevated in all three lines; however, at 7 dpi, it kept increasing in 9930, but started to decline in the two resistant lines (Fig. 4b ). This coincided with disease symptom development, which was visually distinctive between 9930 (yellowing) and Gy14 or WI2757 (staygreen) (Fig. 4c) . Similar trends were also observed for CsSGR expression in Gy14 and 9930 after inoculation with the ALS and AR pathogens (Pan et al., 2018) , supporting a direct link between CsSGR expression and host resistance against these pathogens. In Arabidopsis, AtSGR1 is a key regulator of Chl degradation. To understand the roles of CsSGR in Chl degradation in response to P. cubensis inoculation, we investigated the expression of nine key genes in the cucumber Chl degradation pathway, including CsCAO, CsNOL, CsNYC1, CsHCAR, CsCLS, CsSGRL, CsPPH, CsPaO and CsRCCR (enzyme encoded by each gene is provided in Fig. 5a ). For each gene, its expression in Gy14, WI2757 and 9930 was examined at 0, 3, 5 and 7 dpi. CsCAO catalyzes the conversion of Chla to Chlb. At 0-7 dpi, its expression was downregulated in 9930, but relatively steady in Gy14/WI2757 (Fig. 5b) . The expression levels of CsNOL, CsNYC1 and CsHCAR, which convert Chlb and Chla, were all transiently elevated at 3-5 dpi and returned to baseline at 7 dpi (Fig. 5c-e) . CsCLS and CsSGRL convert chlorophyllide a to Chla and pheophorbide a, respectively, and their expression was largely steady in the susceptible line and slightly increased or exhibited no change in the resistant lines (Fig. 5f,g ). The three genes, CsPPH, CsPaO and CsRCCR, acting downstream of CsSGR, exhibited an expression pattern that was largely similar to that of CsSGR (Fig. 4b) . That is, although the expression in all three lines increased on infection, the fold increase in the susceptible 9930 was significantly higher than that in the resistant lines (Fig. 5h-j) . We also examined the expression of CsCHLI, which encodes the magnesium chelatase subunit I that plays an important role in Chl biosynthesis (e.g. Gao et al., 2016) . The expression of CsCHLI was slightly increased in the resistant lines, but decreased in 9930 (Fig. 5k) , indicating reduced Chl biosynthesis in 9930 after DM inoculation. Taken together, these data suggest that the Chl degradation pathway may play a critical role in CsSGR-regulated disease resistance against DM in Gy14 and WI2757.
The dm1/psl/cla locus is of Indian origin and has undergone diversifying selection
The donor of dm1/psl/cla was PI 197087 originating from India. To confirm this and to investigate the distribution of dm1/psl/cla alleles in natural populations, we conducted clustering analysis in 152 cucumber accessions using resequencing data (Table S4) (SAsia1-22) , four from Africa (Africa1-4) and 20 from the USA. In addition, 13 and 20 belonged to the wild (CSH1-13) and semi-wild Xishuangbanna (XIS1-20), respectively. We first evaluated LD in the 75-kb region harboring the CsSGR locus, which revealed an LD block spanning only 17 kb (Fig. S11) , suggesting that this is a highly recombinogenic region. As such, 72 SNPs in a 20-kb vicinity of the CsSGR locus were used for clustering analysis to construct a phylogenetic tree for the 152 accessions (Fig. S12) .
Among the 19 lines of US origin, nine (2A, G421, Gy14, Gy3, Gy8, H19, Poinsett 76, SC50 and WI2757) with DM/ALS/AR resistance from PI 190787 have been widely used in US cucumber breeding programs, and the remaining 10 are susceptible. In the resulting phylogenetic tree, all nine resistant lines plus PI 190787 were in the same clade, whereas the 10 susceptible lines were scattered in different clades. This was in sharp contrast with the phylogenetic trees built with whole-genome marker-based clustering, in which natural populations could be roughly classified into East Asia, Eurasia and India/XIS groups (Qi et al., 2013) . These data revealed the fact that the region in PI 197087 harboring the dm1/psl/cla locus has been under diversifying selection during breeding for disease resistances. Indeed, we examined the SNP-based haplotypes in this region among 17 of the 19 US lines. The ALS, AR and pre-2004 DM resistance phenotypes were in complete agreement with the marker-based haplotypes in this region (Fig. S13) .
The low LD in this region also implies that linkage drag should be minimal and that this gene should be relatively easy to introgress into recipient cucumber lines through regular crosses. This was verified in real cucumber breeding schemes. Over the last several years, many breeding lines have been generated for DM resistance by crossing with dm1-carrying Poinsett 76. These lines were tested for natural infection of P. cubensis in disease nurseries at Fondi, Italy, and genotyped with SNP markers in the dm1 region. We tested the association of these SNPs with DM resistance among the 734 advanced breeding lines, which were selected on the basis of phenotypic screening only. A single marker analysis revealed that the causal SNP inside the CsSGR gene (SNP.A323G, or SNP08 in Fig. 2a) had the highest association with DM resistance (Àlog 10 (P) = 45.96). These data not only validated the candidacy of CsSGR for the dm1 locus, but also proved the utility of this diagnostic marker in marker-assisted selection. In addition, this association also implies that dm1 still performs well in Europe cucumber fields, despite the fact that it confers only moderate resistance to prevailing DM strains in the USA. 
Discussion
CsSGR is a loss-of-susceptibility host resistance gene A number of R genes have been cloned with durable resistance against a broad range of pathogens. Often, they are loss-ofsusceptibility mutations resulting in host reprogramming of biological processes that are critical for effective pathogen infection (Wiesner-Hanks & Nelson, 2016; Kourelis & van der Hoorn, 2018) . For example, the barley mlo is a nonfunctional allele of Mlo encoding a membrane protein required for susceptibility to powdery mildew (B€ uschges et al., 1997) . The wheat rust/powdery mildew resistance gene Lr67 encodes a hexose transporter; the loss-of-function Lr67 may disturb the balance of sugars associated with sugar signaling and partitioning, which may be necessary for pathogen invasion (Moore et al., 2015; Dodds & Lagudah, 2016) . The rice multiple-pathogen-resistance locus GH3-2 encodes an indole-3-acetic acid (IAA)-amido synthetase suppressing pathogen-induced IAA accumulation . Amazingly, transgenic expression of the wheat Lr34 or Lr67 genes in barley, rice, sorghum and maize also confers resistance to multiple adapted pathogens, suggesting their roles in 
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New Phytologist infection are conserved in these crops (e.g. Risk et al., 2013; Rinaldo et al., 2017; Schnippenkoetter et al., 2017; Sucher et al., 2017; Boni et al., 2018) .
We have shown that CsSGR is the candidate gene for the dm1/psl/cla locus and that the Q108R amino acid substitution in the CsSGR protein is responsible for the disease resistance in Gy14 (Figs 2, S8, S10 ). CsSGR clustered with other SGR homologs, such as AtSGR1 (Fig. 3) , suggesting possible conserved functions of SGR homologs in different plant species. Arabidopsis AtSGR1 encodes a magnesium dechelatase and plays important regulatory roles in Chl degradation (Shimoda et al., 2016; Kuai et al., 2018) . During senescence, AtSGR1 physically interacts with light-harvesting complex subunits of photosystem II (LHCII) to trigger Chl and Chl-binding protein degradation (Park et al., 2007; H€ ortensteiner, 2009; Sakuraba et al., 2012 Sakuraba et al., , 2015 . In addition, AtSGR1 and Medicago MtSGR have been found to be necessary for disease symptom development and HR-related cell death in response to pathogen infections (Mur et al., 2010; Mecey et al., 2011; Ishiga et al., 2015) . Here, we have revealed that CsSGR is the candidate for the dm1/psl/cla resistance locus, which may represent a novel function for this highly conserved protein in plants. From the discussions below, it is clear that the recessive mutation inside the CsSGR gene for durable resistance against multiple pathogens may well be considered as a loss-of-susceptibility type R gene.
Two points are worth mentioning with regard to this CsSGRmediated durable resistance. First, loss-of-susceptibility R genes are often considered to be nonrace specific. Responses to AR pathogen infection were typical HRs (Pan et al., 2018) , but Gy14 showed high to moderate resistances to pre-and post-2004 DM strains and two isolates of the P. syringae pv. lachrymans pathogen, respectively (Call et al., 2012a;  Table S5 ). These observations indicate that differential responses may exist for different races or pathotypes of the DM and ALS pathogens. It is not known whether this indicates that recognition-based defense responses may exist during pathogen-host interactions. Second, the durability of loss-of-susceptibility-type broad-spectrum resistance sometimes carries a cost for the host plant. For example, mlo barley is associated with necrotic flecking and yield loss, as well as increased susceptibility to several nonbiotrophic fungal pathogens (Kjaer et al., 1990; Brown & Rant, 2013; McGrann et al., 2014) . Similarly, Lr34-and Lr67-mediated resistance causes leaf tip necrosis associated with accelerated senescence. However, no obvious negative traits were observed in cucumber lines carrying the sgr resistance allele from PI 197087. Further, the CsSGR locus is located in a region with low LD (Fig. S11) , which was probably a reason for its wide use in the US cucumber breeding programs.
CsSGR confers multi-disease resistance through modulation of the Chl degradation pathway
We have shown that CsSGR confers resistances to the biotrophic bacterial P. syringae pv. lachrymans and oomyceteous P. cubensis, as well as the hemibiotrophic fungal C. orbicular. Plants activate distinct defense responses to combat various pathogens of different lifestyles (Thomma et al., 1998; Glazebrook, 2005; Spoel et al., 2007; Mengiste, 2012) . Regardless of the type of attacking pathogen, some downstream net outcome from the pathogenhost plant interactions seems common in host defense responses, which may include the generation of ROS, HR-related cell death and the production of antimicrobial proteins or secondary metabolites. Several studies have indicated the involvement of SGR in host defense responses. Mur et al. (2010) found that increased expression of AtSGR accelerated HR-related PCD in pathogen-challenged resistant plants, which was probably caused by SGR-mediated disruption of LHCs, resulting in the buildup of phototoxic Chl catabolites and light-dependent generation of ROS (H 2 O 2 ), although this process did not seem to contribute to plant resistance (Zurbriggen et al., 2009; Mur et al., 2010) . By contrast, Ishiga et al. (2015) found that the Mtsgr mutant of M. truncatula and the SGR-RNAi line of alfalfa showed HR-like enhanced cell death on inoculation with the nonhost Asian soybean rust (ASR), suggesting a negative role of Medicago SGR genes. As compared with the wild-type, the Mtsgr mutant exhibited enhanced defense responses to ASR by greater ROS accumulation and higher expression of defense-related genes. Both Mecey et al. (2011) and Ishiga et al. (2015) found that pathogeninduced expression of SGR is a critical step in disease symptom development (chlorosis). Our study also supported the role of CsSGR in chlorosis development, as evidenced by the elevated expression of CsSGR in the susceptible 9930 cucumber in comparison with that in the resistant lines (Fig. 4b) . Interestingly, no difference in bacterial multiplication was observed between the Arabidopsis noc1 mutant and its wild-type (Mecey et al., 2011) . This was in contrast with results from the present study, in which growth of the DM pathogen was significantly suppressed in resistant plants (Fig. 4a) , suggesting a true host resistance mediated by CsSGR.
The SGR gene plays a critical regulatory role in the Chl degradation pathway. Chl catabolic genes, such as SGR, PAO and PPH, have been reported to be regulated in response to infection by various pathogens (e.g. Greenberg & Ausubel, 1993; Mecey et al., 2011; Ishiga et al., 2015) . In Arabidopsis, it is known that AtSGR1 interacts with all other CCEs, such as NYC1/NOL, HCAR, PPH, PAO and RCCR (Fig. 5a) ; it also interacts with LHCII proteins to facilitate Chl degradation during senescence (Sakuraba et al., 2012 (Sakuraba et al., , 2013 Shimoda et al., 2016) . The colored intermediates of Chl breakdown, such as pheophorbide a (Pheide a) and red Chl catabolite (RCC), are potentially phototoxic, which may directly induce cell death or generate ROS that function as signaling molecules to play a role in defense responses against pathogen infection (Mach et al., 2001; Hirashima et al., 2009; Mur et al., 2010; Ishiga et al., 2015; Serrano et al., 2016) . AtSGR1 may play a role in the detoxification of these phototoxic catabolites by interacting with CCEs and LHCII proteins (Sakuraba et al., 2012 (Sakuraba et al., , 2015 Shimoda et al., 2016) . Indeed, the AtSGR RNAi line exhibits a staygreen phenotype with greatly reduced accumulation of phytotoxic Chl catabolites (Armstead et al., 2007) . Based on the above discussion, we propose a working model to explain the possible mechanisms of CsSGR-mediated host resistance in cucumber (Fig. 6) , in which the mutant CsSGR protein interacts with other CCEs and LHCII to mitigate the damage caused by the production of ROS and buildup of phototoxic Chl catabolites in resistant plants, and which result in disease in susceptible plants. This model emphasizes the differential abilities of the resistant and susceptible alleles of the CsSGR gene to modulate the dual roles (inducer of cell death and signal molecule) of ROS and catabolites of Chl breakdown during plant-pathogen interactions. CsSGR in the wild-type (susceptible) is necessary for disease symptom development. In susceptible plants, pathogen infection will result in disassembly of the LHC, reduced photosynthesis capacity and increased expression of genes for CCEs (CsSGR, CsPPH, CsPAO and CsRCCR), which, together with decreased Chl biosynthesis (Fig. 5k) , will result in Chl reduction and thus chlorosis (yellowing). The senescing-like processes generate ROS and phototoxic catabolites that accelerate cell death (necrosis). Meanwhile, the end products of Chl breakdown may be re-mobilized as nutrition to promote pathogen growth (Chen et al., 2010) . In resistant plants, the Q108R amino acid residue substitution in the CsSGR protein may alter the interaction of CsSGR with other CCEs and LHCII. Thus, the expression of CCE-encoding genes is largely steady on pathogen infection (Fig. 5) ; Chl degradation is limited (thus staygreen), resulting in limited ROS production and phototoxic catabolite buildup; thus, a more defensive cellular environment is maintained with a net outcome of resistance (Fig. 6) . The elevated expression of CsSGR (but not as high as in the susceptible line, Fig. 4 ) may keep ROS at a level that serves as a molecular signal to invoke other defense mechanisms or result in localized cell death (HR) to limit the invasion of pathogens. The limited necrosis will not disrupt the balance between Chl synthesis and degradation. This rather primitive model highlights the passive, loss-ofsusceptibility strategy employed by resistant cucumber plants for the broad-spectrum disease resistance conferred by CsSGR. However, many details are still unknown. As discussed earlier, the defense responses of Gy14 to different strains/isolates of the DM, ALS and AR pathogens vary. Is there any specific recognition during the interaction of the pathogen with the resistant plant to invoke active defense responses, such as the production of antimicrobial proteins or secondary metabolites? Are additional regulators and signaling pathways (for example, other transcription factors, hormone signaling) involved in the resistance? All of these merit further investigations to fully understand the novel function of the STAYGREEN gene for durable and broadspectrum host resistance in cucumber. Loss-of-susceptibility (passive defense) 
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Fig. S1 Typical symptoms on cucumber plants on infection with the downy mildew (DM) pathogen under different environments.
Fig. S2
Phenotypic distribution of downy mildew (DM) disease scores in the G9RIL population from Gy14 9 9930 mating at three rating times with two scoring criteria under three environments.
Fig. S3
Frequency distribution and Spearman rank correlations of mean downy mildew (DM) disease scores in the G9RIL population at three rating times with two criteria under three environments.
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